INTRODUCTION
The majority of pollutants contained in urban effluent during wet periods are associated with particles (Ashley et al. 2004; Kafi et al. 2008; Marsalek et al. 2006; Pitt et al. 1995) . Moreover, the particles being transported in suspension via urban discharge during wet weather also appear to be easily settleable despite their relatively fine particle size distribution, as characterized by a median diameter from 30 to and 40 mm (Chebbo & Bachoc, 1992) . Consequently, settling is often favoured when installing effluent treatment systems operating in wet weather conditions.
The design and layout of these facilities, as well as the description of solid transport phenomena in numerical simulation tools, requires a good knowledge of the nature of suspended solids (TSS): this would start with the sedimentation velocity of particles and include the sedimentation velocities of a range of pollutants associated with these particles. The distribution of pollutants might not necessarily be uniform for the entire set of particles. A number of authors have pointed out the propensity of micropollutants such as metals and PAH to bond with the smallest-sized particles (Colandini et al. 1995; Krein & Schorer, 2000; Sansalone & Buchberger, 1997) . Consequently, settling efficiency is capable of varying depending on the particulate pollutant under consideration.
Data relative to the settling velocity of stormwater TSS have been acquired over the past fifteen years or so (Chebbo & Bachoc, 1992; Hedges et al. 1998; Michelbach & Wö hrle, 1992; Pisano, 1996) . The databases available however remain limited in scope when compared with the variability in phenomena from one rainfall event to another and from one measurement site to another. Major disparities have been observed between the results derived from different research teams and these may be ascribed in part to differences in the measurement protocols employed (Lucas-Aiguier et al. 1998) . The most recent set of results (Chebbo & Gromaire, 2004 ) adds further credence to downplaying the postulate of "highly settleable stormwater", which had enjoyed considerable support since the 1990s.
Furthermore, the settling behaviour of a variety of pollutants attached to particles has only rarely been studied.
Some partial results have been provided (Benoist & Lijklema, 1990; Michelbach & Wö hrle, 1993; Tyack et al. 1992 ) for heavy metals. The inconsistencies noticed in these different results could be attributed to sample discrepancies as well as to differences in test procedures or uncertainties, even inaccuracies, induced by these disparate test procedures.
One of the objectives inherent in the research project Assigned the names VICAS and VICPOL, these protocols have been designed so as to enable measuring sedimentation velocities directly on the raw effluent (without any test sample pretreatment that could potentially alter particle characteristics), immediately after sampling (in order to avoid bias due to specimen handling and conservation). Both protocols feature a relatively straightforward approach quick to implement (making it possible to process samples on the spot, while inciting widespread dissemination of this type of measurement) and require just a minimal sample volume (i.e. compatible with the smaller volumes typically collected during a rainfall event using a portable automatic sampler).
The two protocols are based on a column sedimentation measurement using still water and proceed according to the principle of homogeneous suspension.
VICAS. The VICAS protocol (Chebbo & Gromaire, submitted) allows, by means of a space-efficient, inexpensive and easy-to-handle sedimentation column, conducting the TSS settling velocity measurement on a reduced volume sample (4.5 litres).
At the initial time, the sedimentation column is filled with a homogeneous effluent mix, with particles thus being uniformly distributed over the entire sedimentation height.
The solids that had settled during a predefined time interval are then recovered on the bottom of the column. Their mass is weighed, which serves to determine the evolution in cumulative mass M(t) of the deposit vs. time t. A theoretical analysis indicates that the M(t) curve may be expressed in the following form:
where M(t) is cumulative mass of particles settled at the base of the column between t ¼ 0 and t, S(t) is mass of the particles settled between t ¼ 0 and t that possess a settling velocity greater than H/t, where H is the column water height, tdM/dt is mass of the settled particles at time t that possess a settling velocity less than H/t.
The measurement procedure enables determining the S(t) curve and then transforming it into the F(V s ) curve, which shows the cumulative percentage F (expressed as a %) of the total mass of particles, with a settling velocity of less than V s (in mm.s 21 ).
A complete description of the VICAS protocol has been provided by Chebbo et al. (2003) VICPOL. The VICPOL protocol (Gromaire et al. 2007) focuses on measuring the sedimentation velocity of the pollutants and micropollutants associated with particles.
Protocol implementation requires a much more substantial sample volume: 20-litre minimum.
The principle herein is to track the decrease in concentration Ci vs. decantation period ti at a given point of the sedimentation column, which is to be initially filled For VICPOL, measurement uncertainties on F(V s ) at the 95% confidence threshold are at most on the order of 14% for TSS,^21% for PCOD and^16% for POC.
Intercomparison between the two protocols
Intercomparison tests on the two protocols, in terms of TSS and POC settling velocities, were carried out for four rainfall events. A comparison of settling velocity distributions obtained by both protocols does not reveal any significant differences, with deviations in all cases remaining less than the above mentioned measurement uncertainties.
Description of the study samples
Samples studied with respect to TSS and POC settling velocities The pluviometric characteristics of the various rainfall events corresponding with these 30 samples are listed in Table 1 .
It needs to be stated however that the samples were collected in large part at the outfalls of just two of the catchment basins, which happen to reflect two distinct spatial scales: the Marais (42 ha -13 analyzed rainfall events) and Clichy (942 ha -8 rainfall events). Six rainfall events were simultaneously studied over these two catchments and utilized for analyzing spatial variability in terms of TSS and POC settling velocities.
In addition, the TSS settling velocities of wastewaters during dry weather periods were determined for 11 average daily samples collected at the outfalls of the various OPUR2 catchment basins.
We also incorporated into this analysis the settling velocities measured during the 1996-1997 campaign, through application of the VICAS protocol on 51 average pavement runoff samples collected on six streets of the Marais basin in Paris (Gromaire-Mertz, 1998) .
Assessment of samples studied in terms of pollutant and micropollutant settling velocities
The sedimentation velocities of TSS, POC, particulate COD (PCOD), particulate TKN (PTKN) and particulate metals (PCu, PPb, PZn) were all measured using the VICPOL protocol, for 7 rainfall events sampled at the outfall of the Marais catchment and for 2 rainfall events sampled at the outfall of the Clichy catchment. The characteristics of these samples, in terms of TSS concentration, organic matter and nitrogen content, along with metal content of the particles, are listed in Table 2 . These concentrations and contents vary considerably from one sample to the next and cover the entire range of values recorded over the series of OPUR2 measurement campaigns (Kafi et al. 2008) .
The settling velocity of particulate PAH (using the sum Table 3 .
Here once again, the samples cover a diverse range of concentrations, corresponding with the range identified during the OPUR2 research program in wet weather effluent (Gasperi, 2006; Gasperi et al. 2007) .
RESULTS AND DISCUSSION TSS and organic carbon settling velocities
Order of magnitude for the V50 and V30 deciles
The orders of magnitude for settling velocities measured in the OPUR study zone's combined sewer effluent are shown in Table 4 . They have been compared with values measured Jaumouillie, 2002; Ruscassier, 1996) velocities, in contrast, proved comparable among the three increases. This trend is much less pronounced for V50.
In order to verify whether the spatial variability of settling velocities found in combined sewer effluent was actually attributable to variability in the proportion of TSS stemming from wastewaters, we recalculated the settling velocity distribution of particles not originating from wastewaters (denoted herein "storm"), on the basis of: † the settling velocity distribution of combined sewer effluent for each rainfall; † the average settling velocity distribution of wastewaters, as measured on dry weather effluent (as shown in Figure   6 , the settling velocity of wastewaters only varies slightly from one sample to the next in comparison with velocity measurements for the combined sewer effluent); and. † the percentage of TSS assignable to wastewaters for each rainfall event.
The results obtained in terms of V30 are summarized in particulate nitrogen have been depicted in Figure 7 . Figure 8 serves to compare the orders of magnitude for the V30 and V50 settling velocities measured on 6 other samples, and this time in terms of TSS and PPAH. majority of these events, particulate pollutant sedimentation velocities lie below the TSS sedimentation velocity, with a V30_TSS/V30_pollutant ratio varying between 1 and 5; † particulate zinc and nitrogen feature a level of settleability both systematically and significantly lower than that of TSS. The V30_TSS/V30_pollutant ratio in this instance varies for these two parameters between 2.5 and 10.5. A distinctly lower level of sedimentation than that of TSS is thus to be expected for both zinc and nitrogen; † particulate PAH behave completely differently from the other pollutants studied by showing a settleability that in most cases examined herein surpasses TSS settleability.
In five of the six samples analyzed, the V30 of PPAH exceeds by a factor of 2 to 13 the V30 value associated with TSS. Settling thus seems to provide a means of treatment particularly well suited to the case of PAH.
Pollutant and micropollutant contents of particles categorized by settling velocity As a step towards better analyzing the pollutant distribution by category of particle settling velocity, and thereby improving understanding of the previously observed behaviour in terms of settling, we have calculated for each settling velocity category the TSS pollutant content. These contents were then standardized with respect to untreated sample content, so as to homogenize the data. The results derived from this standardization step are shown in Figure 10 for organic matter, metals and nitrogen, and in Figure 11 for PAH. stormwater settlers of simple geometry, the settling theory of discrete particles developed by Hazen (1904) and improved by Camp (1946) allows an easy appraisal of the removal efficiency. In these models, particle trapping is directly linked to the ratio of the settling velocity to the specific flowrate, i.e. flowrate divided by the horizontal settling surface (Li et al. 2007) . For more complex settling tanks, two dimensional or three dimensional computational fluid dynamics modelling of water flow and particle transport will be needed (Milisic & Chebbo, 2005) . The results obtained for the settling velocities of particulate pollutants and micropollutants reveal that the efficiency of an eventual sedimentation treatment is indeed capable of varying as a function of the pollutant parameter under consideration: for POC, the effect is identical to that of TSS, while it would be less than that of TSS when considering PCOD, PCu and PPb, significantly less than that of TSS for PZn and PTKN, and on the other hand sharply higher than that of TSS for PPAH.
These last results were generated for a still limited number of rainfall events and just two measurement sites; they would need to be refined for a greater number of events over a large catchment basin. Furthermore, the distribution of pollutants by settling velocity category observed herein is specific to combined sewer effluent and may prove different within a strictly stormwater effluent.
According to the settling velocities measured over the OPUR2 study zone, the effectiveness of settling varies from one rainfall event to another, from one pollutant to another and from one site to another. The velocities taken into account in designing a settling structure should consequently be based on measurements conducted at the target site with a relatively high number of rainfall events and for all treated pollutants.
